Abstract Interleukin-6 (IL-6) is necessary for cachexia in Apc Min/+ mice, but the mechanisms inducing this myofiber wasting have not been established. The purpose of this study was to examine gastrocnemius muscle wasting in the Apc Min/+ mouse and to determine IL-6 regulated mechanisms contributing to muscle loss. Gastrocnemius type IIB mean fiber cross-sectional area (CSA) from Apc Min/+ mice decreased 32% between 13 and 22 weeks of age. Apc Min/+ mice lacking IL-6 did not have type IIB fiber atrophy, while overexpression of circulating IL-6 exacerbated the loss of type IIB fiber CSA in Apc Min/+ mice. Muscle Atrogin-I mRNA expression was induced at least ninefold at 18 and 22 weeks of age compared to 13-week-old mice. Atrogin-I gene expression was also induced by overexpression of circulating IL-6. These data suggest that high circulating IL-6 levels induce type IIB fiber CSA loss in Apc Min/+ mice, and circulating IL-6 is sufficient to regulate Atrogin-I gene expression in cachectic mice.
Introduction
Patients suffering from cancer cachexia exhibit skeletal muscle wasting and the loss of adipose tissue. Gastrointestinal cancer patients are extremely susceptible to cachexia and can lose up to 30% of their original body weight [1, 2] . The muscle wasting condition is also associated with many other symptoms, such as chronic inflammation, fatigue, anemia, and metabolic disturbances [3] [4] [5] [6] . Although many cachectic factors have been examined for the induction of muscle wasting, the inflammatory cytokine interleukin-6 (IL-6) is an important mediator of these processes. Elevating IL-6 levels in animals reduces body mass [7, 8] , muscle mass [9, 10] , and stimulates protein degradation [9, 11] . Conversely, inhibiting IL-6 action can attenuate muscle wasting [12] [13] [14] . The Apc Min/+ mouse is a genetic model of colorectal cancer and cachexia [15, 16] . High circulating IL-6 levels promote tumorgenesis, while ablation of IL-6 lessens the tumor burden in Apc Min/+ mice [17] . The changes in polyp burden induced with IL-6 are also directly correlated with skeletal muscle mass [17] . However, the muscle signaling pathways activated or repressed during IL-6-induced skeletal muscle wasting have not been defined in this model.
It has previously been shown that different muscle fiber types do not undergo wasting at the same rate. Fast-twitch muscles, such as the gastrocnemius muscle, are more susceptible to muscle wasting during cancer than are slow-twitch muscles, like the soleus [18] [19] [20] . The mouse gastrocnemius muscle consists of myofibers that differ in their oxidative and metabolic capacities. The mouse gastrocnemius muscle is fast-twitch with approximately 80% of the fibers classified as type IIB [21] . Fast-twitch type IIA fibers contain more mitochondria and demonstrate higher rates of oxidative metabolism compared to type IIB fibers, which have relatively few mitochondria and are predominately glycolytic. Peroxisome proliferator-activated receptor-γ coactivator (PGC-1α) is a transcriptional coactivator that regulates mitochondrial biogenesis, glucose/ fatty acid metabolism, and fiber type conversion to a more oxidative phenotype in skeletal muscle [22, 23] . In fact, an oxidative phenotype is actually a protective mechanism during cachexia [18, 19] . Mice that overexpress PGC-1α during fasting and denervation-induced atrophy have an attenuation of skeletal muscle mass loss [18] . We have shown that the Apc Min/+ mouse gastrocnemius muscle undergoes significant wasting, while the soleus demonstrates myofiber regeneration with minimal myofiber area loss [16] . However, since the gastrocnemius muscle has a mixed phenotype, it is unknown whether type IIA and type IIB fibers atrophy at a similar rate and if IL-6 plays a role in this process.
The majority of intracellular skeletal muscle proteins are degraded by the ubiquitin-proteasome system, and this is the main pathway contributing to skeletal muscle loss during cancer cachexia [24] [25] [26] [27] [28] . In the ATP-dependent ubiquitinproteasome pathway, small ubiquitin proteins are attached to lysine residues by E3 ubiquitin ligases on proteins targeted for degradation by the 26S proteasome [25] . Recently, two muscle-specific E3 ubiquitin ligases, Atrogin-I/MAFBx, and MuRF-I, have been identified as important mediators of skeletal muscle loss [29, 30] . Atrogin-I and MuRF-I gene expression are increased in several cell culture and animal models of cachexia [31] [32] [33] . Likewise, depletion of the MuRF proteins or Atrogin-1 in cells or animals result in hypertrophy and also confer resistance to atrophy [34, 35] . Certain cytokines, such as TNF-α and IL-6 levels can also increase markers of the ubiquitin-proteasome pathway, such as E3 ubiquitin ligase gene expression and proteasome activity, both in vivo [9, 11] and in vitro [24, 36] . While IL-6 appears to be an important mediator of cachexia, it is currently unknown if IL-6 can induce Atrogin-I or MuRF-I during cancer cachexia.
Elevated circulating IL-6 levels during cachexia in the Apc Min/+ mouse are necessary for muscle mass loss, but the cellular events that lead to muscle mass loss have not been defined. The overall purpose of this study was to determine if the Apc Min/+ mouse gastrocnemius muscle undergoes wasting in a fiber-type specific manner and if IL-6 regulates this process. An additional purpose was to determine if activation of the ATP-dependent ubiquitin-proteasome pathway contributes to this atrophy. We hypothesized that type IIB fibers would undergo more myofiber atrophy than type IIA fibers, IL-6 would exacerbate type IIB myofiber loss, and this would coincide with activation of MuRF-1 and Atrogin-1 gene expression.
Materials and methods
Animals Mice were originally purchased from Jackson Laboratories (Bar Harbor, ME, USA), and breeding was maintained at the University of South Carolina's animal resource facility as previously described [16] . Apc Min/+ mice were group housed and were randomly assigned to be sacrificed at 13-weeks-old (precachexia; n=13), 18-weeksold (early cachexia; n=11), and 22-weeks-old (late cachexia; n=7). To examine the loss of IL-6, a separate group of Apc Min/+ /IL-6 −/− mice (n=8), Apc Min/+ mice (n=7) and C57BL/6 mice (n=5) were killed at 26 weeks of age. To increase circulating IL-6 levels, Apc Min/+ mice (Control; n= 8 and + IL-6; n=10) and C57BL/6 mice (Control; n=10 and + IL-6; n=10) were used for IL-6 overexpression experiments (see procedure below). The room was maintained on a 12:12 light/dark cycle with the light period starting at 0700 hours. Mice were provided standard rodent chow (Harlan Teklad Rodent Diet, #8604, Madison, WI, USA) and water ad libitum. Body weights and food intake were measured weekly. All animal experimentation was approved by the University of South Carolina's Institutional Animal Care and Use Committee.
Grip strength and RotoRod performance Combined hindlimb and forelimb rodent grip strength was measured with the Grip Tester (Columbus Instruments, Columbus, OH, USA). Mice were placed with all four limbs on a metal grid mounted at a 45°angle connected to a force transducer. Mice were pulled by the tail until they let go of the grid. Each mouse went through a series of two sets of five repetitions of force measurements, with a 2-to 3-min rest period between each set. The highest score from each set of five repetitions was averaged together for a maximum force measurement for each mouse.
Neuromuscular performance was assessed with the RotoRod (Columbus Instruments). The protocol consisted of a ramping protocol from 0 to 30 rpm over a period of 45 s. The protocol continued at 30 rpm from 45 to 120 s. Each mouse performed the protocol twice, with each trial separated by a 2-to 3-min rest period. The longest time of the two tests was recorded for each mouse. Apc Min/+ mice were traced for grip strength and RotoRod performance on a weekly basis from 18 to 22 weeks of age. Mice electroporated with IL-6 were tested prior to their first treatment and then every 2 weeks.
IL-6 overexpression
In vivo intramuscular electroporation of an IL-6 plasmid was used to increase circulating IL-6 levels in mice as previously described [17, 37] . The quadriceps muscle was used as a vessel to produce IL-6 and secrete it into circulation, and was not used for any analyses in the study. The gastrocnemius muscle used in the study was not subjected to electroporation. Briefly, mice were injected with 50 µg of the IL-6 plasmid driven by the CMV promoter, or empty control vector, into the quadriceps muscle. Mice were anesthetized with a 2% mixture of isoflurane and oxygen (1 L/min). The leg was shaved, and a small incision was made over the quadriceps muscle. Fat was dissected away from the muscle, and the plasmids were injected in a 50-µl volume of phosphate-buffered saline (PBS). A series of eight 50 ms, 100 V pulses was used to promote uptake of the plasmid into myofibers, and then the incision was closed with a wound clip. Both Control and + IL-6 groups of all strains of mice received the appropriate plasmid starting at 16 weeks of age. Preliminary data demonstrated that circulating IL-6 levels can substantially decline 2 and 3 weeks following electroporation, and others have reported similar findings related to overexpression with this procedure [37] . To maintain circulating IL-6 levels, the entire plasmid injection and electroporation procedure was repeated at 2-week intervals, alternating between the right and left quadriceps muscles. Mice were killed after 4 weeks (Apc Min/+ ) or 10 weeks (C57BL/6) of IL-6 overexpression.
Plasma IL-6 Plasma IL-6 levels were measured with a mouse-specific enzyme-linked immunosorbent assay (Biosource, Carlsbad, CA, USA) by taking blood samples under brief isoflurane anesthesia from the retroorbital eye sinus 7 days following each electroporation and at killing to ensure validity of the procedure. The IL-6 level for each animal was averaged for all time points assessed over the experimental period. Plasma IL-6 levels were also determined in mice that were not electroporated at sacrifice.
Tissue collection Mice were given a subcutaneous injection of ketamine/xylazine/acepromazine cocktail (1.4 ml/kg BW). Gastrocnemius muscles, soleus muscles, epididymal fat pad, spleen, and tibias were excised. The tissues were rinsed in PBS, snap frozen in liquid nitrogen, weighed, and stored at −80°C until further analysis. Tibia length was measured as an indicator of animal body size. The small intestines were removed as described previously [32] . Briefly, the intestines were dissected, cleared of mesentery adipose tissue, and fixed in 10% buffered formalin for 24 h. Plasma was collected via the inferior vena cava with heparinized needles, stored on ice, centrifuged at 1,000×g for 10 min at 4°C, and the plasma was stored at −80°C until further analysis.
Polyp counts To verify the tumor burden in the mice, polyp counts were performed as previously described [38] . Briefly, formalin-fixed intestinal sections from all animals were rinsed in deionized water, stained in 0.1% methylene blue, and counted by a single investigator who was blinded to the treatments. Polyps were counted under a dissecting microscope, using tweezers to pick through the intestinal villi and identify polyps. Polyps were also categorized as large (>2 mm), medium (1-2 mm), or small (<1 mm) in the small and large intestine.
Gastrocnemius morphology Sectioning of muscle and staining was performed the same as described previously [16] . Briefly, transverse sections (10 μm) were cut from the mid-belly of the medial gastrocnemius on a cryostat at −20°C. Myosin ATPase staining was performed on the sections to delineate the type IIA and type IIB fibers to measure fiber cross-sectional area. Digital images were taken from each section with a Nikon spot camera, and fibers were traced with imaging software (Scion Image, Frederick, MD, USA). Approximately 200 fibers per mouse were traced at a ×200 magnification in a blinded fashion.
RNA isolation, cDNA synthesis, and real-time PCR RNA isolation, cDNA synthesis, and real-time polymerase chain reaction (PCR) was performed as previously described [17] , using reagents from Applied Biosystems (Foster City, CA, USA). Quantitative real-time PCR analysis was carried out in 25-μl reactions consisting of 2× SYBR green PCR buffer (AmpliTaq Gold DNA Polymerase, Buffer, dNTP mix, AmpErase UNG, MgCl 2 ), 0.1 μl cDNA, RNase-free water, and 60 nM of each primer. The sequence for the primers were as follows: MuRF-I Forward, 5′-ATG AAC TTC ACG GTG GGT TT-3′; MuRF-I Reverse, 5′-GGG ATT GCC ACA GAG GAT TA-3′, Atrogin-I Forward, 5′-TTC AGC AGC CTG AAC TAC GA-3′; Atrogin-I Reverse, 5′-GGC AGT CGA GAA GTC CAG TC-3′, Cyclophilin Forward: 5′-TGT GCC AGG GTG GTG ACT T-3′; Cyclophilin Reverse, 5′-TCA AAT TTC TCT CCG TAG ATG GAC TT-3′. Samples were analyzed on an ABI 7300 Sequence Detection System. Reactions were incubated for 2 min at 50°C and 10 min at 95°C, followed by 40 cycles consisting of a 15-s denaturing step at 95°C and 1-min annealing/extending step at 60°C. Data were analyzed by ABI software using the cycle threshold (C T ), which is the cycle number at which the fluorescence emission is midway between detection and saturation of the reaction. The 2 ÀΔΔC T method [39] was used to determine changes in gene expression between treatment groups with the cyclophilin C T as the correction factor [17] . IL-6 mRNA was also measured as previously described [17] .
Western blotting Western blot analysis was performed as previously described [16] . Briefly, frozen gastrocnemius muscle was homogenized in Mueller buffer and protein concentration determined by the Bradford method [40] . Crude muscle homogenate (30-60 μg) was fractionated on 8-12% sodium dodecyl sulfate-polyacrylamide gels. Gels were transferred to polyvinylidene difluoride membranes overnight. Membranes were Ponceau stained to verify equal loading of each gel. Membranes were blocked overnight in 5% milk in Tris-buffered saline with 0.1% Tween-20 (TBS-T). Primary antibodies for phosphorylated STAT-3 (TYR 705) and for Atrogin-I were purchased from Cell Signaling (Danvers, MA, USA) and ECM Biosciences (Versailles, KY), respectively. Antibodies were diluted 1:1,000 to 1:2,000 in 5% bovine serum albumin in TBS-T followed by overnight incubation with membranes at 4°C. Antirabbit IgG horseradish-peroxidase-conjugated secondary antibodies (GE Healthcare Life Sciences, Piscataway, NJ, USA) were incubated with the membranes at 1:2,000 to 1:5,000 dilutions for 2 h in 5% milk in TBS-T. Enhanced chemiluminescence (ECL; GE Healthcare Life Sciences, Piscataway, NJ, USA) was used to visualize the antibodyantigen interactions. Film was digitally scanned, and blots were quantified by densitometry using scientific imaging software (Scion Image, Frederick, MD, USA). The Ponceau stained membranes were also digitally scanned and the 45-kDa actin bands were quantified by densitometry and used as a protein loading correction factor for each lane.
Statistical analysis A repeated measures ANOVA was used to assess changes in grip strength and RotoRod performance. Chi-square analysis was used to determine shifts in gastrocnemius type IIA and type IIB fiber frequency distribution. A Pearson correlation was used to draw correlations between circulating IL-6, Atrogin-I mRNA, and gastrocnemius muscle mass. One-way ANOVAs or independent t tests were used to determine significance for all other variables. Post hoc analyses were performed with Student-Newman-Keuls methods. If the assumption of normality or equal variance failed, an ANOVA on ranks was used. Significance was set at P<0.05.
Results

Time course of cachexia-general animal characteristics Three cohorts of different aged Apc
Min/+ mice were examined to characterize the overall wasting and inflammatory phenotype. There were no significant changes in body weight between 13-week-old mice (precachexia), 18-week-old (early cachexia), and 22-week-old (late-cachexia) Apc Min/+ mice (Table 1 ; P=0.911). The lack of body weight change may reflect the increased inflammatory state in older animals. Spleen weight increased two-to threefold between 13 to 18 and 22-weeks of age, demonstrating increased inflammation and splenomegaly associated with the diseased condition. Tibia length increased after 13 weeks of age as a function of maturation, regardless of adipose and skeletal muscle mass loss (Table 1 ; P=0.001). There was significant loss of lean and fat tissue over the time course. Epididymal fat pad weight was 78% lower in 22-week-old (P=0.034) than in 13-week-old mice (Table 1) . We have determined that the loss of fat mass in other primary fat pads, such as the mesentery and retroperitoneal fat pads, also occurs in addition to epididymal fat pad mass in Apc
Min/+ mice (data not shown).
Time course of cachexia-tumor burden Apc Min/+ mice have an intestinal polyp burden that advances with age and is thought to plateau at approximately 13-15 weeks of age [41] . A greater intestinal polyp burden is associated with greater skeletal muscle mass loss in the Apc Min/+ mouse [17] . The polyp burden was determined in the current study in 13-week-old, 18-week-old, and 22-week-old Apc Min/+ mice. The total number of polyps was not different between the three age groups (Table 1 ; P=0.695). However, older mice did exhibit more large polyps (>2 mm in diameter). Twenty-two-week-old and 18-week-old mice had six to eight times as many large polyps compared to 13-week-old mice (P<0.001). There were no differences in the number of small polyps (<1 mm in diameter) between the different age groups (data not shown). The increase in polyp size was associated with an approximately three-to fourfold increase in circulating IL-6 in 18-and 22-week-old mice (Table 1 ; P=0.008).
Time course of cachexia-skeletal muscle mass loss Skeletal muscle tissue weights were examined in Apc Min/+ mice during wasting. Soleus muscle mass did not change during the time course of cachexia between 13-week-old (8± 1 mg), 18-week-old (7±0 mg), or 22-week-old mice (8± 1 mg; P=0.609). The gastrocnemius muscle, predominately a fast oxidative and fast glycolytic muscle, was also examined for changes in skeletal muscle mass over time (Fig. 1a) . Gastrocnemius muscle mass was 26% less in 22-week-old Apc Min/+ mice (P=0.043) than in 13-week-old mice. Grip strength and RotoRod performance To determine if the decrements in muscle mass over time were associated with changes in muscle performance, the combined forelimb and hindlimb grip strength and the RotoRod test were used. Coinciding with the decrease in gastrocnemius muscle size, combined forelimb and hindlimb rodent grip strength decreased 21% over time (Table 2 ; P=0.001).
RotoRod performance did not change over the time course of cachexia (P= 0.166). These data demonstrate that decreases in overall muscle strength are not due to impairment in neuromuscular coordination, but rather to decreases in muscle mass.
Myofiber area The medial gastrocnemius muscle was sectioned and myosin ATPase stained to determine fiber cross-sectional area in type IIA and type IIB fibers in 13-week-old, 18-week-old, and 22-week-old Apc Min/+ mice. The mouse gastrocnemius muscle contains less than 1% of type I fibers [21] . Type I fiber area was not quantified due to the low number of these fibers on each section. Type IIB fiber cross-sectional area decreased 32% between 13 and 22 weeks of age ( Fig. 1b; P=0 .027). There was also a shift in the frequency distribution of type IIB fiber size (Fig. 1c) . The percentage of small type IIB fibers (<750 µm 2 ) increased from 1% to 20% and the percentage of large type IIB fibers (>3,000 µm 2 ) decreased from 3% to 0% in 13-week-old mice compared to 22-week-old mice (P< 0.001). There was a trend for mean type IIA fiber crosssectional area to decrease between 13 and 22 weeks of age (P=0.062). While mean type IIA fiber CSA did not change, there was a shift in the type IIA fiber frequency distribution (Fig. 1d) . The percentage of small type IIA fibers (<400 µm 2 ) increased from 3% to 15%, and the percentage of large type IIA fibers (>1,200 µm 2 ) decreased from 14% to 0% between 13-and 22-week-old mice (P<0.001). These data demonstrate that both type IIA and IIB fibers undergo significant atrophy, but there is a preferential wasting of type IIB fibers. IL-6, Atrogin-I, and MuRF-I gene expression Since circulating IL-6 increases with age in the Apc Min/+ mouse, and it is associated with wasting, we measured IL-6 gene expression in the gastrocnemius muscle. IL-6 mRNA did not change with age in the gastrocnemius muscle of Apc Min/+ mice ( Fig. 2a; P=0.440 ), similar to our previous findings [17] . However, phosphorylated STAT-3 was higher in the gastrocnemius muscle of 22-week-old mice compared to 13-week-old mice (Fig. 2b) . This indicates that IL-6 signaling was occurring in the gastrocnemius muscle, but it was not being driven by muscle-produced IL-6. To examine the ubiquitin-proteasome protein degradation pathway, real-time PCR was used to measure Atrogin-I and MuRF-I mRNA expression in the gastrocnemius muscle. MuRF-I mRNA expression did not change between the different age groups (Fig. 2c; P=0.871 ). Atrogin-I mRNA was induced early in the progression of cachexia in Apc Min/+ mice, increasing tenfold in 18-week-old mice, when compared to 13-week-old mice (Fig. 2d) . Atrogin-I mRNA remained increased ninefold in 22-week-old mice (P<0.001). Atrogin-I protein levels were also induced approximately twofold at 18 and 22 weeks of age compared to 13-week-old Apc Min/+ mice ( Fig. 2e; P<0.029 ). There was also a significant inverse correlation (r=−0.675; P= 0.002) between Atrogin-I mRNA levels and gastrocnemius muscle mass (Fig. 2f) . These data show that Atrogin-I activation is associated with skeletal muscle wasting in the Apc Min/+ mouse.
Gastrocnemius fiber CSA during IL-6 depletion Although still having a significant intestinal and colon tumor burden, Apc Min/+ /IL-6 −/− mice do not exhibit cachectic symptoms Min/+ mice. Atrogin-I protein levels were also elevated during cachexia (e). There was a significant correlation (r=−0.675; P= 0.002) between Atrogin-I mRNA and gastrocnemius muscle mass (f). Values are means± SE. *Signifies difference from 13-week-old mice by 6 months of age [17] Increased circulating IL-6 affects gastrocnemius myofiber area We have previously shown that there is a negative correlation between circulating IL-6 levels and gastrocnemius muscle mass in Apc Min/+ mice, and more severely, cachectic animals have higher plasma IL-6 levels [17] . Since a dose-dependent response of IL-6 appears to mediate muscle wasting, an in vivo plasmid-based IL-6 overexpression system was used to increase circulating IL-6 levels in Apc Min/+ mice to try to accelerate wasting. We have previously published that this methodology increases circulating IL-6 levels and is sufficient to accelerate wasting in Apc Min/+ mice and induce wasting in Apc Min/+ /IL-6 −/− mice [17] . IL-6 levels in these mice have been previously published and were significantly increased with the IL-6 overexpression plasmid 18-fold (95-328 pg/ml) over Apc Min/+ levels (0-24 pg/ml) [17] . Although not used in any analyses, the quadriceps muscle was 28% lower in Apc Min/+ mice (149±19 vs. 108±8 mg; P=0.048). The gastrocnemius muscle was sectioned and myosin ATPase stained to determine fiber-type. In Apc Min/+ mice subjected to IL-6 overexpression, there was an 11% reduction in type IIB mean fiber CSA, but no effect on type IIA mean fiber area (Fig. 4a) . Circulating IL-6 overexpression also decreased the incidence of large diameter type IIB fibers ( Fig. 4b ; 6% vs. 2%; P<0.001), but did not increase the incidence of small fibers (P=0.324). Increased circulating IL-6 also decreased the number of large type IIA fibers ( Fig. 4c ; 8% vs. 4%; P=0.003), but had no effect on the number of small type IIA fibers (P=0.274). Grip strength was also measured over the electroporation period. Combined (Table 3 ; P=0.009). These data indicate that increased circulating IL-6 can accelerate atrophy of large type IIB and IIA myofibers and this is associated with decreased muscle grip strength.
Circulating IL-6 does not affect muscle size or function in non-tumor-bearing mice We have previously shown that our IL-6 electroporation procedure does not induce muscle wasting in wild-type mice, as measured by a lack of a change in body mass, epididymal fat pad mass, and gastrocnemius muscle mass with up to 10 weeks of increased circulating IL-6 [17] . Similarly, the gastrocnemius muscle mass to tibia length ratio was not altered with 10 weeks of IL-6 administration in C57BL/6 mice (8.2±0.3 vs. 8.4±0.1 mg/mm; P=0.542). Other skeletal muscles, such as the soleus (9±0 vs. 8±0 mg; P=0.401) and plantaris muscles (19±1 vs. 19±1; P=0.808), also did not differ between mice receiving the empty vector and the IL-6 vector. While the quadriceps were not used for analysis, it was 16% lower in C57BL/6 mice (215±7 vs. 180±7; P= 0.019) with muscle-specific IL-6 expression compared to control mice. Plasma IL-6 levels from these mice have been previously published and were increased 85-fold (44-244 pg/ml) over C57BL/6 mice receiving the empty vector (0-8 pg/ml). Functional testing was also performed in C57BL/6 receiving IL-6. Combined forelimb and hindlimb grip strength did not change over the course of 10 weeks of IL-6 overexpression (Table 3 ; P=0.404). These data show that IL-6 is not sufficient to alter skeletal muscle mass or function in non-tumor-bearing mice.
Increased circulating IL-6 increases Atrogin-I gene expression To determine if IL-6 regulates the ubiquitinproteasome pathway, Atrogin-I and MuRF-I gene expression was measured in Apc Min/+ mice gastrocnemius muscle following IL-6 overexpression. Atrogin-I mRNA was increased nearly threefold (P=0.048), and MuRF-I mRNA expression was unchanged (P=0.384) in muscles from Apc Min/+ mice following increased circulating IL-6 (Fig. 5a ). In fact, there was a positive correlation (r=0.55; P=0.018) between circulating IL-6 and Atrogin-I mRNA in these mice (Fig. 5b) . Atrogin-I protein levels were also twofold greater in Apc Min/+ mice with high circulating levels of IL-6 (P<0.001; Fig. 5c ). To determine if IL-6 can directly induce the ubiquitin-proteasome pathway independent of an underlying tumor burden, Atrogin-I and MuRF-I mRNA was measured in wild-type mice following circulating IL-6 overexpression. Despite a lack of atrophy or change in grip strength, elevated circulating IL-6 increased Atrogin-I Time refers to weeks during electroporation. Data were analyzed with a repeated measures one-way ANOVA within each strain. a Signifies difference from 0 weeks mRNA 60% (Fig. 5d ), but did not change MuRF-I mRNA (P=0.287) expression. There was a trend (P=0.11; Fig 5e) for Atrogin-I protein levels to change with IL-6 treatment, but there was considerable variability in the response. These data show that Atrogin-I protein levels appear to be induced by IL-6 only when concurrent wasting is present.
Atrogin-I levels are not repressed in Apc Min/+ /IL-6 −/− mice Since Apc Min/+ /IL-6 −/− mice do not undergo atrophy by 6 months of age, we decided to determine if lower Atrogin-I levels were responsible for the prevention of cachexia in these mice. To our surprise, Atrogin-I mRNA levels were similar between Apc Min/+ and Apc Min/+ /IL-6 −/− mice ( Fig. 6a; P=0 .380). Protein levels were also determined. Atrogin-I protein levels were similar between Apc Min/+ and Apc
Min/+ /IL-6 −/− mice ( Fig. 6b; P=0.365 ).
These data demonstrate that the mechanism of muscle mass retention in Apc Min/+ /IL-6 −/− mice is not mediated via the down-regulation of Atrogin-I.
Discussion
Using the Apc Min/+ mouse to study cachexia is advantageous because of the relatively long duration of muscle wasting, chronic low levels of inflammation, and lack of anorexia. This study presents several novel findings related to myofiber atrophy, IL-6 regulation, and the induction of Atrogin-I gene expression during cancer cachexia. Although other cachectic models have demonstrated that fast-twitch, glycolytic muscles are more susceptible to wasting than oxidative, slow-twitch muscles [19, 20, 42] , the current study extends previous work by demonstrating that the wasting of type IIB fibers in the Apc Min/+ mouse is a major contributor to overall muscle mass loss in this cachectic animal. The type IIB fast-glycolytic fibers from cachectic Apc Min/+ mice demonstrated a more consistent and larger degree of atrophy when compared to oxidative type IIA fibers of the gastrocnemius muscle. Additionally, the Apc Min/+ mouse soleus muscle, which is a highly oxidative muscle with a much higher percentage of slowtype fibers, did not demonstrate atrophy over this same time period. The soleus muscle may not have shown atrophy during this time period because it typically does not have type IIB fibers. An important finding of the current study was that circulating IL-6 was a mediator of this muscle wasting process. Apc Min/+ mice lacking IL-6 did not undergo type IIB myofiber atrophy, and increasing circulating IL-6 levels exacerbated the atrophy of type IIB fibers.
IL-6 has been implicated as an important stimulus for initiating muscle mass loss during cachexia [7] [8] [9] [10] [11] . We have recently shown that IL-6 is necessary and sufficient for the development of muscle wasting in Apc Min/+ mice. This wasting is closely related to polyp formation and growth, since mice with a larger tumor burden exhibit more cachectic symptoms [17] . Although there are many possible sources of elevated circulating IL-6 in Apc Min/+ mice, the tumors and related systemic immune response are a likely source. In the current study, when circulating IL-6 levels were manipulated, there was a direct impact on mean type IIB myofiber size, but there was a much weaker effect on type IIA fibers size. Additionally, Apc Min/+ mice lacking IL-6, while still having a significant tumor burden, had type IIB myofiber cross-sectional areas similar to wild-type, non-tumor-bearing mice. While other cachexia studies have shown that IL-6 induces muscle wasting [9, 12, 13, 43, 44] , this is the first in vivo study to demonstrate that IL-6 has a stronger and more consistent effect on type IIB muscle fiber wasting. It is possible that primary myofiber metabolism related to an elevated glycolytic capacity and diminished oxidative capacity create a more susceptible environment for IL-6-induced muscle wasting. This may coincide with the overall metabolic state of the animal, which is being affected by the intestinal/colon tumor burden. We know from the loss of adipose stores in the cachectic animal that fat oxidation should be increased in muscle. IL-6 is also a tumor growth factor [45] [46] [47] , and we have previously shown that IL-6 increases the tumor burden in Apc Min/+ mice [17] . Others have shown that colon tumors are very glycolytic and this is also true of Apc Min/+ mouse intestinal polyps [48, 49] . It is possible that type IIB fibers are more susceptible to atrophy because of IL-6-induced tumor growth and subsequent high glucose utilization by the tumors. The redirection of glucose towards the intestinal polyps may render type IIB fibers susceptible to atrophy because of the lack of an energy source, and others have reported that oxidative fibers are protected from atrophy during cachexia [18, 19] . It remains a significant question to delineate the properties of IIB fibers that render them more susceptible to wasting stimuli with cancer.
The ubiquitin-proteasome pathway is activated during cachexia [12, 50, 51] and is responsible for the degradation of most skeletal muscle proteins [24] . There is a biphasic response, with proteasome activation during early muscle loss, but suppressed during severe muscle mass loss [27, 28, 52] . Atrogin-I and MuRF-I are E3 ubiquitin ligases that are normally activated during atrophy [26] . In the current study, Atrogin-I mRNA, but not MuRF-I mRNA, was elevated from 18-22 weeks of age. Additionally, Atrogin-I protein levels were also higher in 18-and 22-week-old mice compared to 13-week-old mice. Increased circulating IL-6 levels were associated with increased gastrocnemius muscle Atrogin-I expression, while STAT-3 phosphorylation was only elevated in muscle from mice at 22-weeks of age. Although we have previously shown an association between STAT-3 phosphorylation and muscle mass loss [17] , further work is required to determine if IL-6-induced activation of STAT-3 can directly activate Atrogin-I expression in wasting muscle. Atrogin-I and MuRF-I expression in this model is also interesting since expression of both of these ligases is typically increased together during atrophy [26, 28, 32] . However, recent evidence has shown that MuRF-1 is responsible for the degradation of slow MHC [34] . Furthermore, there has been a disconnect between Atrogin-I and MuRF-I during disuse atrophy [53] and resistance exercise in humans [54] . These data support the hypothesis that these two ubiquitin ligases are activated by different stimuli, including cancer. Since type IIB myofibers underwent significantly more atrophy, these data also suggest that Atrogin-I may specifically target the degradation of fast MHC or other proteins found in type IIB fibers. However, further work is needed to assess the specific substrates of Atrogin-I and how they relate to fiber type.
Since IL-6 is necessary and sufficient for muscle wasting in Apc Min/+ mice, and Atrogin-I is induced in cachectic muscle, we next determined if IL-6 activates Atrogin-I. Atrogin-I and MuRF-I mRNA were also measured in gastrocnemius muscles from wild-type and Apc Min/+ mice following IL-6 overexpression. Atrogin-I mRNA and protein were induced in Apc Min/+ mice with high circulating IL-6 levels, and this was associated with type IIB myofiber loss. Atrogin-I mRNA, but not protein, was also induced in wild-type mice, but these mice do not undergo atrophy following IL-6 overexpression [17] . These data suggest that circulating IL-6 can induce skeletal muscle Atrogin-I gene expression, but activation of this pathway alone is not sufficient to induce muscle wasting. This is in agreement with work showing the Atrogin-I overexpression in skeletal muscle is not sufficient to induce atrophy [33] . Furthermore, mice lacking IL-6 preserved gastrocnemius muscle fiber area, but still had Atrogin-I protein levels similar to cachectic Apc Min/+ mice. Atrogin-I activation without subsequent atrophy may point to an additional secondary function for Atrogin-I. Jagoe et al. [55] have shown that 1-2 days of fasting leads to eight-to tenfold increases in Atrogin-I mRNA, but not MuRF-I mRNA, in mouse gastrocnemius muscle. This is associated with a decrease in gene expression associated with glycolysis and glycogen breakdown. Similarly, both IL-6 and Atrogin-I are stimulated in human skeletal muscle immediately after a bout of endurance exercise [54] . One may hypothesize that Atrogin-I may serve as a sensor of ATP supply and a director of fuel source, directing the muscle to switch to fatty acid oxidation at a time of limited glucose. This may be an important feedforward mechanism of providing glucose to the tumor, sacrificing skeletal muscle in the process. However, when this high metabolic demand is not present, such as the absence of a tumor, the skeletal muscle is spared. Further work is required to understand the IL-6-specific induction Atrogin-I in cachectic muscle, and whether this is a valid target for anti-wasting therapies.
These data demonstrate that type IIB fibers in the Apc Min/+ mouse are highly susceptible to wasting, and this may be partially mediated through IL-6 induction of Atrogin-I gene expression. The induction of Atrogin-I mRNA increased concurrently with the loss of gastrocnemius muscle mass and IIB fiber cross-sectional area loss. IL-6 overexpression accelerated type IIB myofiber atrophy in Apc Min/+ mice, and Apc Min/+ mice lacking IL-6 had no reduction in type IIB myofiber cross-sectional area. Atrogin-I gene expression was also regulated by IL-6. Increased circulating IL-6 caused an induction of Atrogin-I protein in Apc Min/+ mice, but not in wild-type mice. Muscle MuRF-I mRNA expression was not induced by cachexia or circulating IL-6 overexpression. In conclusion, IL-6-induced type IIB myofiber atrophy appears to be partially mediated through induction of muscle Atrogin-I expression and a yet unidentified stimulus related to the intestinal/colon tumor burden in the Apc Min/+ mouse.
